Radical recombination has been proposed to lead to the formation of complex organic molecules (COMs) in CO-rich ices in the early stages of star formation. These COMs can then undergo hydrogen addition and abstraction reactions leading to a higher or lower degree of saturation. Here, we have studied 14 hydrogen transfer reactions for the molecules glyoxal, glycoaldehyde, ethylene glycol, and methylformate and an additional three reactions where CH n O fragments are involved. Over-the-barrier reactions are possible only if tunneling is invoked in the description at low temperature. Therefore the rate constants for the studied reactions are calculated using instanton theory that takes quantum effects into account inherently. The reactions were characterized in the gas phase, but this is expected to yield meaningful results for CO-rich ices due to the minimal alteration of reaction landscapes by the CO molecules.
INTRODUCTION
Thanks to the unprecedented sensitivity of ALMA the detection and quantification of interstellar complex organic molecules (COM) has become more and more within reach. A complex organic molecule in the context of astrochemistry is loosely defined as a molecule consisting of more than 6 H, C, O, and/or, N atoms. Typical gas-phase abundances of such molecules are only of the order of < 10 −8 with respect to H 2 (Jørgensen et al. 2012; Halfen et al. 2015; Taquet et al. 2015; López-Sepulcre et al. 2017 ) with even lower abundances for deuterated species (Belloche et al. 2016) . These molecules are currently thought to find their origins in the CO-rich top layers of the grain ice mantle (Boogert et al. 2015) where the H + CO reaction network has been shown to lead to the formation of the parent species formaldehyde, H 2 CO, and methanol, CH 3 OH (Tielens & Hagen 1982; Hiraoka et al. 1998; Watanabe & Kouchi 2002; Fuchs et al. 2009 ). Furthermore, besides hydrogen addition reactions, E-mail: a.l.m.lamberts@lic.leidenuniv.nl also hydrogen abstraction reactions can take place that decrease the number of H atoms on the CO backbone (Nagaoka et al. 2005; Nagaoka et al. 2007) . Although it has been suggested that formaldehyde and methanol may desorb from the grain surface and subsequently react in the gas phase to yield more complex species (Bottinelli et al. 2004; Balucani et al. 2015; Taquet et al. 2017 ), a variety of COMs have been detected in cold interstellar regions (Bacmann et al. 2012; Oberg et al. 2010; Vastel et al. 2014) . This indicates that low-temperature surface chemistry can play an important role in the formation of larger species.
In fact the H + CO reaction network has evolved into a network where carbon-carbon bonds can be formed via radical-radical reactions between the 'fundamental' radicals that are created as intermediates, i.e., HCO, CH 2 OH, and CH 3 O. Most of these reactions have been studied experimentally in various ways (Fedoseev et al. 2015; Butscher et al. 2015; Chuang et al. 2016; Fedoseev et al. 2017; Chuang et al. 2017; Butscher et al. 2017 ) and they have also been proposed by and are included in a number of astrochemical model studies (Garrod et al. 2008; Woods et al. 2012;  2Álvarez-Barcia et al. Coutens et al. 2018) . Similar conclusions are also supported by observational work for specific species (Rivilla et al. 2017; Li et al. 2017) . Despite this significant amount of investigations, relatively little is known about the reaction rate constants at low temperature, while these are the crucial parameters needed to constrain modeling studies.
Here we focus on hydrogen addition and abstraction reactions of species with two carbon atoms and two oxygen atoms, i.e., methylformate, glyoxal, glycoaldehyde, and ethylene glycol (Section 3.1). Several other reactions are discussed as well where a C-C or C-O bond is formed via an over-the-barrier reaction between an CH n O radical and formaldehyde (Section 3.2). Finally, we provide an overview of reaction rate constants previously calculated for the CO + H network involving both formaldehyde and methanol (Andersson et al. 2011a; Goumans 2011b; Song & Kästner 2017 ) (Section 3.3). Low-temperature reaction rate constants have been calculated for the first time using instanton theory and serve as an order of magniture estimate implementation in astrochemical models. We will also comment on the possibility to generalize rate constants based only on the type of reaction.
COMPUTATIONAL DETAILS
Two different levels of theory have been used throughout this study in order to balance the computational cost and chemical accuracy. All calculated activation and reaction energies, as well as the rate constants have been calculated with density functional theory (DFT). In particular, the functional MPWB1K combined with the basis set def2-TZVP has been used. The accuracy of the activation energies or barrier heights is ensured by benchmarking these values to a better level of theory, namely CCSD(T)-F12/VTZ-F12.
Optimizations of the stationary points, corresponding energies, and spin densities were computed at the MPWB1K/def2-TZVP level (Zhao & Truhlar 2004; Weigend & Ahlrichs 2005; Weigend 2006 ). Geometry optimizations (minima and transition states) were done with DL-FIND (Kästner et al. 2009 ) in ChemShell (Sherwood et al. 2003; Metz et al. 2014) . For the electronic structure computations (energies, gradients, and Hessians) Gaussian 09 (M. J. Frisch 2009) has been employed. SCF cycles were stopped when the convergence, as defined in G09, reached 1 × 10 −9 Hartree. A pruned (99 590) grid (ultrafine grid) was employed, having 99 radial shells and 590 angular points per shell.
The MPWB1K functional has been previously benchmarked in order to predict the correct bond dissociation energy of methyl formate (MF), for which accurate results were obtained (Li et al. 2016) . Furthermore, MPWB1K was developed to take into account weak interactions such as those found in the pre-reactive complexes treated here. In order to confirm the use of this functional for the current study, single point energy calculations at the RHF-UCCSD(T)-F12/VTZ-F12//MPWB1K/def2-TZVP level (Knowles et al. 1993 (Knowles et al. , 2000 Deegan & Knowles 1994; Adler et al. 2007; Knizia et al. 2009; Peterson et al. 2008b) were carried out and are discussed in Appendix A.
The instanton method based on Feynman path integral theory using the semiclassical approximation was used to compute the reaction rate constants (Langer 1967 (Langer , 1969 Miller 1975; Coleman 1977; Callan Jr. & Coleman 1977; Gildener & Patrascioiu 1977; Affleck 1981; Coleman 1988; Hänggi et al. 1990; Benderskii et al. 1994; Messina et al. 1995; Richardson & Althorpe 2009; Kryvohuz 2011; Althorpe 2011; Kryvohuz 2014; Richardson 2016) . For a given temperature, it provides the most probable tunnelling path, the instanton, which connects the reactant and product valleys of the potential energy surface. Instanton theory is applicable whenever the temperature is low enough for the instanton to spread out. At higher temperatures, the instanton collapses to a point which renders the theory inapplicable. For most barriershapes this collapse happens at the crossover temperature T c (Gillan 1987; Álvarez-Barcia et al. 2014) ,
with Ω being the the absolute value of the imaginary frequency corresponding to the transition mode and k B corresponding to Boltzmann's constant. T c qualitatively indicates at which temperature the reaction is dominated by tunneling (T < T c ) or by the thermal activation (T > T c ).
Instanton paths were optimized via a quasi NewtonRaphson method . Energies, gradients, and Hessians were provided by Gaussian 09, but instanton optimizations are done in DL-FIND. The instanton path was discretised using 80 images, except for reactions MF3 and MF4 where 158 images were employed at T ≤ 100 K and 314 images for MF4 at 75 K.
This study focuses on unimolecular rate constants, i.e., on the Langmuir-Hinshelwood mechanism. Both reactants are adsorbed on the surface, approach each other via diffusion and form a pre-reactive complex (PRC) on the surface. This PRC can then decay to yield the reaction products via a unimolecular process. It has been shown in the recent literature that often gas-phase calculations of stationary points offer a reasonably accurate approach for representing the very same reactions on an ice surface. This even holds for ices composed of water molecules as typical changes of the activation energy are roughly only 1-2 kJ/mol (Rimola et al. 2014; Song & Kästner 2017; Lamberts 2018) . However, in particular cases, larger energy differences may be found (Lamberts & Kästner 2017b) and to which extent surface molecules may affect the binding orientation is currently unclear. Finally, adsorption on a surface is simulated by keeping the rotational partition function constant between the reactant and transition state. For more information regarding this approach the reader is referred to Meisner et al. (2017) and Lamberts & Kästner (2017a) .
RESULTS
We simulated a total of 14 reactions revolving around the molecules glyoxal (GX), glycoaldehyde (GA), ethylene glycol (EG), and methyl formate (MF), an additional three reactions where reactions of CH n O fragments with H 2 CO are involved (FAR), and discuss the results in the light of the 6 previously studied reactions with carbon monoxide (CO), formaldehyde (FA), and methanol (ME). To structure the analysis, the reactions are labeled according to their type, except for the FARn series: 1) H addition to aldehyde carbon -MF, GX, GA, CO, FA 2) H addition to aldehyde oxygen -MF, GX, GA, FA 3) H abstraction from aldehyde carbon -MF, GX, GA, FA 4) H abstraction from methyl group -MF, EG, ME 5) H addition to etheric oxygen -MF 6) H abstraction from alcohol oxygen -GA, EG, ME Note that we expect all reactions studied and discussed here to take place in an environment where carbon monoxide, CO, is the main component of the ice mantle. Due to the general weak interactions of this molecule, we expect that the activation energies calculated here in the gas phase will be similar to those in the presence of a CO environment. For instance for the reactions H + CO and H + H 2 CO this has been confirmed by Rimola et al. (2014) . Therefore, the values presented here are thought to be a good representation of the situation in the interstellar medium.
3.1
Reactions with MF, GX, GA, and EG Activation energies for the reactions described in this Section and in Section 3.2 can be found in Table 1 . Crossover temperatures (T c ) as an indication of the importance of tunneling, and the calculated low-temperature rate constants are presented as well. A schematic representation of the reactions with methylformate, glyoxal, glycoaldehyde, and ethylene glycol is given in Figure 1 . The temperature-dependence of the calculated rate constants is depicted in Figs. 2-6. The reaction of the hydrogen atom with methylformate has been studied in order to determine if it is an efficient destruction channel. The addition and abstraction reactions of H with glyoxal, glycoaldehyde, and ethylene glycol serve to study the sequential hydrogenation steps. In this way the same reaction type (see above) can be compared between various molecules, and it can be determined whether or not addition is faster than abstraction. Note that the reaction abstracting a hydrogen atom from glyoxal (GX3) could not be studied, because according to the benchmark study the most accurate value for the activation energy cannot be validated: the difference between the DFT and CCSD(T)-F12 value is too large and moreover multireference effects prevent the CCSD(T)-F12 value from being trusted.
Reactions with methylformate (MF)
Reactions with glyoxal (GX)
Reactions with glycoaldehyde (GA)
Reactions with ethylene glycol (EG)
3.2 Reactions between FA and CH n O Although the COMs discussed above have been proposed to be formed mainly through radical-radical reactions, reactions between a neutral and radical species may also lead to the formation of a C-C or C-O bond. The reactions between H 2 CO and CH 3 O or HCO (Butscher et al. 2017) are therefore studied as well in order to compare their efficiency to other radical-neutral reactions as well as to fast barrierless radical-radical reactions. Reactions FAR1 and FAR2 are in direct competition with each other, see also Fig. 7 .
3.3 Reactions with CO, FA, and ME Prior to discussing hydrogen transfer reactions in COMs, this Section summarizes previous theoretical studies related to the H + CO reaction network for cases where calcualtions have also been performed with instanton theory. The main results, in terms of activation energy and reaction rate constant from those studies are listed in Table 2 . Reaction with CO Unimolecular rate constants for the H + CO system have been theoretically calculated by Andersson et al. (2011b) , using a PES previously obtainded by Keller et al. (1996) :
Reactions with FA The reaction of H and H 2 CO (H + FA) has been theoretically studied by both Goumans (2011a) and Song & Kästner (2017) .
Reactions with ME
The abstraction of H on the methanol (ME) mehtyl group has been studied theoretically by .
Hydrogen addition and abstraction reactions
For most of the reactions, the rate constants level off at a given temperature, especially below 80 K. The reactions of the hydrogen atom with methylformate overall have the highest activation energies, indicating that MF is quite stable with respect to attack by a H radical. Reaction MF5 is a special case, where a C-O bond is being broken while an O-H bond is formed, which is most likely the reason for the corresponding activation energy, or high barrier.
Comparing between the various reaction types, Figures 2 and 4 show that the H abstractions from the H of the HC=O group (type 3) occur with high reaction rate constants. The H abstraction from the -OH group (type 6), on the other hand, appears to be very unfavourable with barriers larger than ∼50 kJ/mol (Figures 4 and 5) . This is consistent with previous results obtained for the reaction between hydrogen and methanol. The barrier between reactions ME4 and ME6 differs by 16 kJ/mol, in line with the experimental work of Chuang et al. (2016) and Nagaoka et al. (2007) .
Generalizing reaction types 1, 2, and 4 is not trivial. The activation energies for type 1 are always lower than those for type 2, when compared within the same molecule (FA, MF, GX, and GA). For instance the formation of CH 3 O is preferred over the formation of CH 2 OH, contrary to the findings of Butscher et al. (2015) , but in line with those of Chuang et al. (2016) . The rate constants for type 1 are indeed higher than those for type 2 for reactions with FA, GX, and GA, but MF is a special case. Similarly for type 4, where the activation energies are higher than for type 2 and consequently the rate constants are lower for GA, but again reaction MF2 deviates. At temperatures below 200 K the reaction rate constant for MF2 crosses first that of MF4 and later that of MF1 even though the barrier is higher. The origin of this behavior lies in the barrier width. Tunneling namely depends both on the barrier height and width as well as on the effective mass of the system. The narrower the barrier at low-energy incidence, the more tunneling may be expected. This can be visualized with the help of intrinsic reaction coordinates (IRCs). The IRC curves are presented in Fig. 6 , note that these do not include ZPE corrections and therefore relate to the barrier height ∆E ‡ of Table 1 .
Finally, it cannot be said that in general addition is more efficient than abstraction or vice versa, e.g., compare reaction types 1 and 2 against 3, 4, and 6.
4.2
Reactions between FA and CH n O At decreasing temperatures tunneling dominates a reaction more and more. This can explain the large difference between the low temperature value for the rate constant of reaction FAR2 compared to FAR1. For FAR2 a C-O bond is formed and as heavy-atom tunneling is less efficient than hydrogen atom tunneling, the rate constant is much lower than what would be expected from the barrier height only (compare for instance MF4, GA6, and FAR2). Similarly for the reaction of FA with HCO, where a C-C bond is formed (FAR3), again the low-temperature rate constant is very low. Note also the lower values for the crossover temperatures of FAR2 and FAR3 compared to the hydrogen transfer reactions, indicating that tunneling also sets in at lower temperatures. Comparing the rate constant to the typical value assumed for radical-radical barrierless reactions, ∼ 10 12 s −1 , it is clear that these reactions are much less likely to contribute to COM formation. On that note we do wish to stress, however, to keep in mind that although radical-radical reactions may be able to proceed without a barrier, this does not mean that all reaction pathways are open, see for instance Lamberts (2018) .
ASTROCHEMICALLY RELEVANT CONCLUSIONS
Unimolecular reaction rate constants have been calculated and are provided for hydrogen addition and abstraction reactions from methylformate, glyoxal, glycoaldehyde, and ethylene glycol and are thus available to be implemented in both rate-equation and kinetic Monte Carlo models aimed at studying the formation of COMs at low temperatures. Our results are generally in agreement with experimental work, although some discrepancies exist on the efficiency of specific reaction paths, such as the formation of CH 2 OH or CH 3 O after hydrogen abstraction from methanol, which impacts on the ease of methylformate formation (for which CH 3 O is needed) or ethylene glycol formation (for which CH 2 OH is required). A microscopic model aiming to reproduce experiments may be able to provide a clear picture of how the reactions are intertwined with each other.
The reaction H + GX − − → (CO)CHO + H 2 could not be studied and thus deserves further attention.
We found that one cannot predict average rate constants solely based on the type of the reaction. The spread in the low-temperature rate constant can be roughly 7 orders of magnitude for a single reaction type (e.g., hydrogen addition to an aldehyde carbon) showing a strong dependence on the other functional groups that are attached to the carbon backbone.
Within a single molecule, on the other hand, one can loosely say that hydrogen abstraction from an aldehyde group is faster than hydrogen addition to the same carbon. Both of these have a rate constant that is larger than hydrogen abstraction from a methyl group.
Care should be taken with extrapolating rate constants based on the height of the barrier alone, as calculations show that reactions with narrow barriers can have rate constants at low temperature that are higher than those with a lower activation energy.
Reactions that include the breakage or formation of a bond between two heavy atoms generally have lowtemperature rate constants that are much lower than those for hydrogen addition or abstraction reactions as a result of the low efficiency of tunneling when heavy atoms are involved. ered to be a reasonable reference method for these specific three reactions as well, i.e., for a H addition to an aldehyde oxygen.
The MPWB1K functional has been shown to provide a good description for 9 out of the 17 reactions dealt with here, with reaction types 1 to 4 being included in this benchmark. Therefore, we assume that the other 8 reactions, including reaction type 5 and 6, can also be described with the same functional and basis set combination. As a double-check we have tested several functionals suggested by Li et al. (2016) to make sure that the activation energies obtained are of the correct magnitude, see Table A2 . Tables B1-B5 give the values for the unimolecular reaction rate constants as calculated with instanton theory and corresponding to Figs. 2-5 and 7 of the main manuscript. Table B2 . Unimolecular reaction rate constants (k (s −1 )) for reaction GX + H. The instanton path was discretised using 80 images. Table B3 . Unimolecular reaction rate constants (k (s −1 )) for reaction GA + H. The instanton path was discretised using 80 images. Table B4 . Unimolecular reaction rate constants (k (s −1 )) for reaction EG + H. The instanton path was discretised using 80 images. Table B5 . Unimolecular reaction rate constants (k (s −1 )) for FA reactions. The instanton path was discretised using 80 images. 
APPENDIX B: RATE CONSTANTS

